The development of breast carcinomas involves a complex set of phenotypic alterations in breast epithelial cells and the surrounding microenvironment. While traditional transformation assays provide models for investigating certain aspects of the cellular processes associated with tumor initiation and progression, they do not model alterations in tissue architecture that are critically involved in tumor development. In this review, we provide examples of how three-dimensional (3D) cell culture models can be utilized to dissect the pathways involved in the development of mammary epithelial structures and to elucidate the mechanisms responsible for oncogene-induced phenotypic alterations in epithelial behavior and architecture. Many normal mammary epithelial cell lines undergo a stereotypic morphogenetic process when grown in the presence of exogenous matrix proteins. This 3D morphogenesis culminates in the formation of well-organized, polarized spheroids, and/or tubules that are highly reminiscent of normal glandular architecture. In contrast, transformed cell lines isolated from mammary tumors exhibit significant deviations from normal epithelial behavior in 3D culture. We describe the use of 3D models as a method for both reconstructing and deconstructing the cell biological and biochemical events involved in mammary neoplasia.
regulate many aspects of cell behavior, including cell polarity, proliferation, adhesion, and survival. Importantly, such interactions are not only critical for normal development, but are also required for tissue homeostasis; aberrant interactions between the epithelium and its microenvironment can influence tumor progression (1) .
Tumor development involves the acquisition of multiple genetic and epigenetic changes that cause aberrant loss or gain of function of cellular proteins. Collectively, such changes significantly alter tumor cell behavior. Hanahan and Weinberg have proposed that the following six alterations in cell physiology characterize malignant growth: 1) enhanced proliferative potential, 2) decreased sensitivity to apoptosis, 3) autonomous production of growth signals, 4) insensitivity to growth inhibitory signals, 5) angiogenic potential and 6) migratory and invasive capability (2) . As the principal target of proliferative, morphogenetic, and hormonal signals, MECs are the cell type most commonly targeted for the alterations that drive these events. Unfortunately, the genetic heterogeneity of breast tumors has complicated the identification of specific lesions responsible for tumor-associated changes in epithelial behavior. Many genetic and epigenetic alterations have been catalogued in breast tumors using techniques such as fluorescent in situ hybridization, karyotyping, comparative genomic hybridization (CGH), DNA methylation analysis, and DNA sequencing (3) (4) (5) . These studies reveal the wide spectrum of genetic and epigenetic changes present in mammary tumors and suggest that MEC transformation can proceed through a variety of yet uncharacterized pathways.
While hundreds of alterations have been detected in breast tumors, in most cases it is not clear whether the changes represent causal factors or simply bystander alterations accrued during neoplastic transformation (6) . Moreover, an enhanced understanding of the mechanisms by which specific alterations alter MEC behavior is required to facilitate the design of novel therapeutic strategies. The roles of specific oncogenes or tumor suppressors in tumorigenesis have traditionally been examined using transformation assays, which monitor a single parameter, such as the ability to form foci on monolayers, to generate colonies in soft agar suspension, or to induce an epithelial-to-mesenchymal transition (EMT). However, such assays are an inadequate reflection of tumor physiology; furthermore, the extent to which specific oncogenes contribute to tumor development and progression is highly influenced by the matrix microenvironment. Thus, utilization of models that better recapitulate tissue architecture will improve our ability to interrogate regulators of mammary biology and tumorigenesis.
The advent of 3D cell culture models has allowed investigators to make significant progress toward characterization of the factors involved in the establishment and maintenance of epithelial architecture. Many aspects of the organization of glandular epithelial structures are recapitulated when primary mammary cells or established cell lines are exposed to a physiological exogenous matrix. Culture in the presence of pliable, laminin-rich extracellular matrix is sufficient to direct a cell line that grows as an unpolarized monolayer on tissue culture plastic to form tubular or alveolar structures highly reminiscent of structures found in vivo (7) . Furthermore, treatment of murine MECs cultured on ECM with lactogenic hormones results in de novo milk production, illustrating that 3D culture can promote a level of differentiation not achieved by similar treatment of cells plated on a plastic substratum (8) . It is clear that interaction with the ECM in vitro plays a critical role in the process of mammary differentiation and morphogenesis.
USE OF 3D CELL CULTURE TO MODEL EPITHELIAL ARCHITECTURE AND TRANSFORMATION
Cultured epithelial cells respond most appropriately to matrix proteins that mimic the composition of normal basement membrane, including among other components a high proportion of laminin and collagen. One commonly used mixture is that derived from the Engelbreth-Holm-Swarm (EHS) murine tumor, commercially available as Matrigel TM . Many MECs, including primary cells isolated from pregnant mice as well as immortalized human and murine cell lines, undergo a stereotypic morphogenetic program when cultured on EHS. A reproducible succession of cellular remodeling events culminate in the formation of polarized, growth-arrested hollow spheroids similar to those formed by other glandular epithelial cells in 3D culture, ensheathed in an organized basement membrane (9) (10) (11) .
Characterization of the Program of In Vitro Alveolar Morphogenesis
Multiple studies have described the discrete steps involved in the morphogenesis of a single cell or small cluster of disorganized cells into structures closely resembling acini in vivo (Fig. 1) . Upon seeding within an exogenous basement membrane, normal MECs proliferate to form small cell masses. Shortly thereafter, the structures develop an axis of apicobasal polarity, illustrated by the basal secretion of matrix components, the apical orientation of the Golgi, and the appropriate localization of junctional complexes (10, 13) . The structures subsequently become unresponsive to proliferative signals, and a bona fide lumen is formed by cavitation, involving the removal of centrally localized cells via multiple cell death processes (11, 14, 15) . Finally, in cells with secretory activity, functional tight junction assembly precedes the secretion of milk proteins into the luminal space (10, 16) . Growth factors that are active in the mammary microenvironment in vivo, such as members of the epidermal growth factor (EGF) and insulin-like growth factor (IGF) families, are required for proliferation and morphogenesis (14) . The specific growth factors employed often dictate the morphology of the structures that form; while EGF promotes spheroid formation, hepatocyte growth factor (HGF) can induce tubule formation (17) .
3D Cultures Reveal Transformation-Induced Changes in Mammary Epithelial Architecture
Many of these characteristic morphogenetic steps are compromised when transformed MEC lines are cultured in 3D. Pioneering work from Bissell and others has demonstrated that normal and tumorigenic mammary tissue can be readily distinguished when grown in a laminin-rich environment (18, 19) . The disorganized growth of transformed cell lines often involves a convergence of the following phenotypic changes: excessive proliferation/escape from growth suppression, loss of apicobasal polarity, compromised cell-cell adhesion, evidence of EMT, and formation of invasive and protrusive structures.
Bissell and colleagues have utilized the HMT-3522 series of mammary cell lines, which progress from the normal, nontransformed S1 cells to the pre-malignant S2 and tumorigenic T4-2 lines. Intriguingly, these cell lines are phenotypically indistinguishable when cultured on plastic; morphologic distinctions are revealed only when the cells are cultured in 3D. While S1 cells form well-organized acinar structures exhibiting apicobasal polarity and stable adherens junctions, T4-2 cells form highly disorganized and discohesive structures. In accordance with the hypothesis that 3D culture better recapitulates in vivo behavior, only the latter cell type is tumorigenic when transplanted in nude mice (20) .
Basement membrane culture clearly illustrates the critical role of extracellular matrix (ECM) in directing morphogenetic processes that culminate in normal spheroid or tubule formation. Importantly, studies designed to define the cellular pathways responsible for the invasive character of several transformed lines also suggest that epithelial cell-matrix adhesion may either restrain or promote aberrant behavior. Overexpression of α 2 integrin, an integrin subunit commonly downregulated in poorly differentiated mammary tumors, elicits reversion of the transformed phenotype of the α 2 -null Mm5MT murine MEC line (19) . Whereas parental Mm5MT exhibit a disorganized, discohesive phenotype in 3D, reconstitution of α 2 integrin promotes the formation of organized ductal structures. A similar analysis of the HMT-3522 progression series implicates aberrant integrin activation in the morphological alterations observed (21) . Treatment of T4-2 structures with an inhibitory β 1 integrin antibody causes a complete reversal of the transformed phenotype, resulting in proliferative arrest, the assembly of adherens junctions, and restoration of membrane polarity (22) .
Along with studies establishing the importance of cell-matrix interactions for normal morphogenesis, related experiments have revealed an essential role for cell-cell adhesion in the regulation of mammary epithelial transformation. Loss of expression of the adherens junction protein E-cadherin is often observed during the progression of epithelial cancers and correlates with de-differentiation and tumor metastasis (23) . Indeed, a hallmark feature of most lobular carcinomas is loss of functional Ecadherin (24) . Reconstitution of E-cadherin expression in mammary tumor cell lines can revert the invasive behavior of these cells (22, 25) . These data suggest that the loss of adherens junction-mediated adhesion may be an important step in the progression of tumors to the invasive state. Furthermore, restoration of functional gap junctions by expression of connexin 26 or connexin 43 in the metastatic MDA-MB-435 line enables these cells to organize into spherical structures in 3D gels (26) . This observation suggests that gap junctional communication between adjacent luminal cells may also be instrumental in the maintenance of epithelial architecture.
INDIVIDUAL ONCOGENES DIFFERENTIALLY PERTURB IN VITRO MAMMARY MORPHOGENESIS
The analysis of various human and murine MEC lines cultured in basement membrane has revealed several behavioral distinctions between normal and transformed cells (Table I) . Unfortunately, the complexity of genetic alterations in the transformed lines has complicated the identification of individual signaling pathways responsible for the phenotypic alterations observed. To address this issue, several laboratories have now begun to utilize 3D culture of nontransformed MECs to assess the biological effects of the activation of specific oncogenes, individually or in defined combinations, thus extending investigators' level of control over the system under observation.
Hyperactivation of Transmembrane Receptors
Mammary morphogenesis requires an orchestrated response to numerous trophic factors that serve as activating ligands for membrane receptors (31) . Elevated receptor activity resulting from altered expression or mutation can promote tumor development and progression. Three dimensional cell culture systems have been invaluable in revealing the complement of biological activities induced upon receptor activation. Moreover, while the consequences of activation of different transmembrane receptors may not be discernible in monolayer or soft agar assays, these effects are often quite distinct despite the activation of a similar spectrum of downstream pathways.
ErbB2
The consequences of activation of two members of the epidermal growth factor receptor (EGFR) family, ErbB1 and ErbB2, were distinguished us- 
TAC-2 Mouse Normal; duct-like structures in collagen (30) ing 3D cultures of the normal MEC line, MCF-10A (32) . A synthetic dimerization strategy involving p75-ErbB-FKBP chimeras was used to selectively induce activated homodimers of either ErbB1 or ErbB2 in the context of a preformed acinus. While activation of ErbB1 has no effect on acinar architecture, ErbB2 dimerization relieves proliferative suppression, disrupts cell polarity, and leads to repopulation of the luminal cavity and the formation of multiacinar structures (32), (Fig. 2) . These changes are reminiscent of the filled phenotype of comedo-type ductal carcinoma in situ (DCIS) lesions, in which the ErbB2 locus is frequently amplified (33, 34) . Activated ErbB2 has also been reported to induce polarized, hollow branching tubules in collagen matrices (35) . Such correlations lend substantial credence to the applicability to human mammary tumorigenesis of observations made using this model. Echoing a striking facet of the deconstructive studies discussed earlier, the changes elicited by ErbB2 activation are observed only in 3D culture, reinforcing the concept that certain phenotypes may only be manifest in the presence of matrix-derived morphogenetic cues.
CSF-1R
In comparison to ErbB2 activation, cooverexpression of colony-stimulating factor receptor (CSF-1R) with its ligand (CSF-1), both of which are coordinately elevated in a significant proportion of mammary tumors, results in a much more severe disruption of MCF-10A acinar architecture (36) . In addition to promoting excessive proliferation and aberrant survival, autocrine stimulation of CSF-1R leads to a striking and progressive disruption of cell-cell adhesion in these structures (37) (Fig. 2) . Furthermore, E-cadherin is lost from the plasma membrane and accumulates in intracellular puncta, suggestive of the disruption of adherens junctions by an endocytic mechanism. These changes in adhesion culminate in the release of individual cells into the surrounding matrix, and provide a permissive background that enhances the activity of other oncogenes that promote migration and invasion. The adhesive defect is dependent upon the ability of CSF-1R to chronically activate Src family kinases; however, the relevant Src target(s) remain unknown. Interestingly, inducible activation of a v-src-ER fusion protein induces a similarly discohesive phenotype (M. Reginato, K. R. M. Shaw, and J. S. Brugge, unpublished results).
Met
An additional level of complexity to growth factor regulation of morphogenesis was revealed by co-overexpression of hepatocyte growth factor (HGF) and its receptor c-Met in 3D culture assays. HGF treatment of Eph4 murine MECs grown in 3D induces branching morphogenesis (27) . Similarly, autocrine production of HGF in wild-type or cMet-overexpressing MCF-10As elicits the formation of branched tubules. However, in contrast to the autocrine CSF-1R structures, both hollow lumen and functional adherens junctions are retained in these structures (37) (Fig. 2) . Interestingly, while c-Met, CSF-1R, and ErbB2 each activate a similar array of downstream signaling molecules, including mitogen-activated protein kinase (MAPK), phosphotidylinositol-3 kinase (PI3K), and Src, and hyperactivation of each receptor enhances proliferation of MCF-10As, the phenotypic changes each receptor elicits in 3D culture are quite distinct. These differences suggest that while these receptors activate a related spectrum of the core signaling machinery, the activation of specific accessory pathways, possibly coupled with the ability to localize activated effector molecules to a unique set of targets, can cause dramatically distinct changes in MEC behavior.
Notch
Along with these receptor tyrosine kinases, the Notch family of transmembrane receptors also plays an important role in epithelial differentiation and morphogenesis. Notch4 was originally implicated in mammary tumorigenesis by the mapping of an insertion site of mouse mammary tumor virus (MMTV) proviral DNA to within the Notch4 locus (38) . This insertion results in the expression of a truncated protein, Notch4(int-3), which is activated independently of extracellular ligand binding. MMTV-driven Notch4(int-3) causes excessive proliferation and inhibits ductal branching in the murine gland, eventually leading to the development of mammary carcinomas (39) . To further characterize Notch4 activity, the consequences of its activation on the 3D morphogenesis of murine TAC-2 MECs was assessed (30) . In addition to triggering excessive proliferation, Notch4(int-3) expression precludes normal cavitation of TAC-2 structures. Moreover, these cells also show signs of invasive activity. Collectively, these activities provide a basis for the tumorigenic effects of Notch4 activation in vivo.
Cytoplasmic Signaling Effectors

Akt
Signals initiated by the activation of membrane receptors can be significantly amplified by their intracellular effector proteins. Elevated expression of specific downstream factors, such as the serine/threonine kinase Akt2, has also been demonstrated in mammary tumors, suggesting that such alterations may be sufficient to elicit at least a partial complement of the consequences of receptor hyperactivation (40) . Correspondingly, inducible activation of a myristolated Akt-ER fusion protein in MCF-10As causes an increase in cell size and distortions in cell shape, as well as a limited enhancement of cell survival (41) . Interestingly, unlike constitutively activated growth factor receptors, the ability of Akt to enhance proliferation of MCF-10A acini is limited to the period during which these cells normally proliferate. Acini expressing activated Akt remain unable to escape the controls that limit proliferation in later stage cultures. This observation may at least partially explain the inability of activated Akt variants to induce mammary hyperplasia in vivo (42, 43) . Interestingly, certain proliferative oncogenes, such as cyclin D1 or human papilloma virus E7 protein (E7), which alone are unable to promote EGF-independent proliferation, can cooperate with Akt to elicit acinar morphogenesis in the absence of growth factors (41) . Furthermore, Akt was found to play a critical role in regulating proliferation of tumorigenic T4-2 cells in 3D culture (44) .
Ras
The cyclic regulation of Ras family proteins is orchestrated by guanine nucleotide exchange factors (GEFs), which promote the exchange of GDP for GTP, in conjunction with GTPase activating proteins (GAPs), which enhance the intrinsic hydrolytic activity of these GTPases. In the GTP-bound state, Ras proteins can initiate a phosphorylation cascade that culminates in changes in cell proliferation, cell morphology, cell movement, differentiation, and survival. Oncogenic mutations in Ras impair its hydrolytic activity, maintaining the protein in an activated state. Consequently, downstream signaling pathways are constitutively activated, causing aberrant proliferation in vivo (35) . Ras mutations have not been implicated in breast carcinomas; however, Ras overexpression is common in breast tumors (45) . It is likely that elevated Ras levels contribute to hyperactivation of pathways initiated by upstream receptors. While activation of Ras in Eph4 murine MECs does not alter proliferation in 2D, it is sufficient to promote excessive proliferation in collagen gels (46) .
Transcription Factors
AP-1 Family
The complete cascade of downstream events initiated by membrane receptor activation remains to be elucidated. However, as a significant complement of the changes induced by extracellular signals result from changes in gene transcription patterns, many laboratories have investigated the effects of overexpression of specific tumor-associated transcription factors on mammary morphogenesis. The transcriptional activity of multiple members of the AP-1 family is altered in breast carcinomas, and elevated expression of FRA-1 correlates with an aggressive tumor phenotype (47, 48) . AP-1 proteins are the nuclear targets of multiple signaling pathways, including those of the EGFR and fibroblast growth factor receptor families, and can significantly influence epithelial behavior. Inducible activation of c-Jun disrupts both polarity and cell-cell adhesion in Eph4 MECs, leading to the formation of disorganized cell aggregates (49) . The reversible effects caused by c-Jun activation result in part from the inappropriate redistribution of membrane E-cadherin and the induction of growth factor expression. However, c-Jun activation is not sufficient to cause invasion into the underlying basement membrane, suggesting that additional genetic alterations are required for progression to the invasive state. In contrast, inducible c-Fos activation promotes an invasive, EMTlike phenotype through a mechanism involving loss of E-cadherin expression, nuclear translocation of β-catenin, and autocrine production of TGFβ (50) .
Ets Family
Overexpression of members of the Ets family of transcription factors, which have been found to be upregulated in lung, prostate, colon, and breast tumors, has been shown to impact the organization of MECs in 3D culture (51) . When overexpressed in MCF-12A cells, Ets-2 or ESX is sufficient to transform these cells, as assessed by colony formation in soft agar (28) . Furthermore, when cells expressing ESX are grown in ECM, they form filled, disorganized structures, in contrast to the hollow, polarized spheres formed by vector control cells, and acquire the ability to invade into the surrounding matrix. Interestingly, overexpression of another family member, PEA3, induces branching morphogenesis in TAC-2 MECs, revealing a level of phenotypic specificity that suggests each factor may promote the transcription of a distinct set of target genes (52) . Furthermore, according to a recent study, the transforming effects of ESE-1 involve a novel cytoplasmic function independent of its transcriptional activity, suggesting an additional level of complexity to the activities of Ets family proteins (53) .
Cooperation Between Proliferative and Prosurvival Cues
The increase in proliferation resulting from ErbB2 activation raised the possibility that elevated proliferation alone might be sufficient to modify acinar architecture. However, studies of two other oncogenes, cyclin D1 and HPV E7, which induce hyperproliferation yet fail to disrupt lumen formation, provided evidence that additional activities are required for filling the luminal space. Cyclin D1, which promotes progression through the G1 phase of the cell cycle by mediating inactivation of the retinoblastoma protein (Rb) by cyclin-dependent kinases (CDK4/6), is amplified at the genomic level in approximately 15% of breast cancers, and overexpressed in over one-half of tumor samples (54, 55) . E7 promotes cell cycle progression in a similar fashion, via the CDK-independent inactivation of Rb family members and CDK inhibitors (56) . MCF10As expressing ectopic E7 or cyclin D1 remain EGF-dependent and form acini that, while somewhat larger in size, exhibit hollow lumens, normal cellcell contacts, and appropriate localization of both apical and basal polarity markers (14) . These results correspond with those of a previous study that examined the effects of E7 overexpression in primary human MECs (57) . Interestingly, acinar lumens are maintained despite the fact that cells within cyclin D1 and E7 acini continue to proliferate after control cells succumb to growth suppression (Fig. 3) . Notably, cells that proliferate into the center of acini undergo apoptosis, thus failing to populate the lumen. This result suggests that maintenance of acinar architecture may rely on the ability of increased cell death to counterbalance aberrant proliferation.
These results, as well as data from other laboratories implicating luminal apoptosis in acinar morphogenesis in vivo, suggested that proliferative signals may need to be coupled with a survival signal to induce luminal filling (58) . Indeed, overexpression of cyclin D1 together with Bcl-2, a mitochondrial protein with potent anti-apoptotic activity, prevents cavitation of MCF-10A acinar structures (14) (Fig. 3) . Although the combination of a proliferative stimulus and a survival signal is sufficient to prevent lumen formation, the structures do not progress beyond this phenotype, reminiscent of the early stages of malignancy. Specifically, the polarized organization of acini and the adhesive contacts of the outermost cell layer remained intact, presumably precluding progression to a more invasive state. It is evident from these results that cell death is not only a critical aspect of acinar morphogenesis, but also serves as an important antagonist of aberrant proliferation. Similarly, inhibition of apoptosis via increased expression of Bcl-2 appears to be capable of exacerbating the phenotypic changes induced by proliferative oncogenes in a variety of tumor types. However, inhibition of cell death is not on its own sufficient to dramatically influence mammary architecture (58, 59) .
Oncogene Synergy in the Genesis of Advanced Phenotypes
As suggested above, while studies examining the effects of individual oncogenes on MEC behavior and organization are likely to lead to a more thorough understanding of specific facets of cancer initiation and progression, a more accurate recapitulation of the complex genetic changes involved in tumorigenesis may require the simultaneous overexpression of multiple oncogenes. Several groups have initiated combinatorial studies in an attempt to better understand how different genes may interact to cause more advanced phenotypes.
As mentioned above, partial or transient loss of epithelial character is associated with carcinoma progression (60) . Similarly, a transient conversion to a mesenchymal-like phenotype is required for branching morphogenesis during development and is mediated by members of the TGFβ family. While studies in monolayer culture have established TGFβ as a potent inhibitor of cell cycle progression, 3D cell culture has revealed divergent, concentration-dependent activities for TGFβ in mammary epithelial cells. Enhanced TGFβ signaling restrains glucocorticoidinduced branching morphogenesis, while limiting levels promote tubulogenesis (61) . These data suggest that subtle changes in local TGFβ concentration might elicit dramatically different phenotypes. Moreover, when TGFβ is introduced in the context of an activated Ras/MAPK pathway, classical EMT ensues; this transition is stable even after these activating signals are removed (62) . Correspondingly, when TGFβ is overexpressed in tandem with ErbB2, a potent Ras activator, the phenotypic alterations caused by ErbB2 activation are severely exacerbated. The two oncogenes cooperate to form poorly organized structures that exhibit continual remodeling of invasive protrusions (63) (64) (65) (Fig. 4) . These results correlate with in vivo data suggesting that interaction of TGFβ signaling with additional pathways may be important for the progression to metastatic disease (66, 67) . 
Tumor Suppressors
To date, few studies have examined the effects of altered expression of genes linked to familial breast cancer. However, a potential function for BRCA-1 in spheroid formation was explored by downregulation of a protein-interaction partner, the tumor suppressor BARD-1 (BRCA-1 associated ring domain). These studies were conducted in TAC-2 murine MECs, which form spheroids in response to hydrocortisone or tubules in the presence of HGF. Repression of BARD-1 using an antisense RNA strategy has no effect on tubulogenesis, but dramatically disrupts normal spheroid formation, resulting in cysts that are significantly smaller and fail to cavitate (68) . Further studies will be required to determine whether these effects reflect a loss of the tumor suppressive function of BRCA-1 or rather represent a novel function of BARD-1.
EXPANDING UPON CURRENT 3D CULTURE SYSTEMS: THE NEXT GENERATION OF IN VITRO MODELS OF MAMMARY MORPHOGENESIS AND TRANSFORMATION
The remarkable similarities between the multiacinar phenotype elicited by activation of ErbB2 in MCF-10As in 3D culture and DCIS lesions associated with genetic amplification of the ErbB2 locus, as well as lesions induced by activation of Neu in the mouse mammary gland, suggest that this model has significant utility (32, 69) . Several additional studies have likewise revealed a correspondence between the in vitro and in vivo biological effects of various morphogenetic pathways, lending further credence to the capacity of 3D models for the identification and characterization of novel morphogens, oncogenes, and tumor suppressors (70, 71) . Nevertheless, several facets of current 3D cell culture models constrain how accurately these systems can model in vivo behavior. Despite the progress such homotypic models have facilitated, there remains a need for the development of complex culture systems that more closely mimic the in vivo environment.
Expanding the Availability of Primary MEC Lines that Retain In Vivo Character
Many immortalized MEC lines, including MCF-10A, do not represent a true luminal population, as they express markers of both luminal and myoepithelial cell lineages (72) . Because of the hybrid nature of such lines, it is difficult to predict whether changes elicited by oncogene expression in vitro will appropriately reflect the events involved in mammary tumorigenesis in vivo. Definition of the cell culture conditions required for luminal cells to retain their unique ensemble of differentiated characteristics will represent an important advancement in the utility of 3D models. Another concern with immortalized MECs is the accumulation of genetic and epigenetic changes that accompany immortalization. For example, amplification of myc and inactivation of either p53 or p16 are commonly observed in immortalized mammary epithelial cells (73, 74) . Such documented changes, as well as additional uncharacterized alterations, may cooperate in unexpected ways with specific genes under study, thus complicating the interpretation of observed results.
Isolation of Mammary Stem Cells for Use in 3D Models
Recently, several investigators have been successful in propagating mammary cells that display stem cell characteristics (75, 76) . Human stem cell populations were shown to maintain the ability to functionally differentiate into multiple lineages, including ductal, alveolar and myoepithelial cells (75) . These pluripotent cells could prove to be of great utility for the simultaneous study of the effects of various genes implicated in neoplastic transformation on multiple mammary cell types. However, this will first require the optimization of protocols for the isolation of stem cells and the maintenance of multilineage organotypic cultures.
Modeling Epithelial-Stromal Interactions
Importantly, the systems described above exclusively employ epithelial cells, and lack any stromal components. Given that mammary stroma, including fibroblasts, adipocytes, endothelial cells, and inflammatory cells, comprise over 80% of the cellular population of the in vivo gland, it is important to investigate how paracrine signals or cell-cell contact affects epithelial behavior using coculture of epithelial cells and their stromal counterparts. Preliminary studies of this nature have already established a critical role for multiple cell types in mammary epithelial morphogenesis and differentiation. For example, mammary myoepithelial cells impart critical polarizing signals when cultured jointly with luminal epithelial cells, likely via laminin-1 secretion (77) . Moreover, when cocultured with mammary adipocytes, primary rat MECs exhibit enhanced differentiation, as measured by lipid and casein accumulation (78) . Similarly, coculture with mammary fibroblasts promotes MEC alveolar morphogenesis, proliferation and differentiation (79) .
Initial studies examining cocultures of MECs and inflammatory cells have also yielded substantial insight into the paracrine interactions between these two cell types. Interleukin-1 (IL-1) treatment of peritoneal macrophages induces the production of vascular endothelial growth factor (VEGF) in cocultured DA/3 mammary tumor cells, suggesting a potential mechanism for the contribution of IL-1 to the metastatic spread of these cells in vivo (80) . Furthermore, pericellular collagen proteolysis by BT-20 breast tumor spheroids cultured in 3D is enhanced by the inclusion of macrophages, which also exhibit intracellular degradation of collagen (81) . The capacity of heterotypic communication to lead to a local modification of the ECM is further supported by the finding that coculture with MCF7 or T47D breast adenocarcinoma cells, but not normal MECs, enhances the synthesis of collagen and fibronectin by fibroblasts (82) . These results highlight the important influence of the breast stroma on the mammary epithelial phenotype.
Challenges in the Optimization of Coculture Systems
While significant data support a role for cellular and acellular components of the mammary stroma in both development and tumorigenesis, significant technical obstacles must be overcome to establish effective systems for heterotypic 3D culture. Of utmost importance, culture conditions must be developed that allow each relevant cell type to maintain a fully differentiated phenotype. Furthermore, heterotypic assays can complicate analysis of results, and novel strategies are required to address such questions as the determination of the identity and origin of secreted factors and the isolation of cellular material (DNA, RNA or protein) from individual cell types. Once these challenges have been met, coculture studies should also prove useful for the investigation of the distinct contributions of normal versus tumor-associated stromal components to changes in epithelial cell behavior.
Modeling of Hormonal Responses
In addition to modeling the complex cellular and extracellular milieu, systems should be sought that incorporate the intricate hormonal signaling unique to the mammary gland. In vivo analysis of human and murine tumors indicates that the estrogen receptor (ER) and progesterone receptor (PR) status of a tumor are closely correlated with prognosis. However, few studies have explored the consequences of hormone receptor activation on MEC behavior and morphogenesis, largely due to the limited availability of MEC lines that are responsive to the principal mammary hormones. Coculture models have nonetheless begun to elucidate the paracrine effects of hormone stimulation of stromal cells. Estrogen treatment of breast fibroblasts enhances proliferation and induces tubulogenesis in MECs when cultured together in collagen gels, and these effects are dependent on stromal production of HGF (83) . However, until hormone-dependent MEC lines are developed, an examination of the roles of epithelial ER and PR in tumorigenesis, either alone or in combination with other oncogenes, will remain elusive. In summary, the evolution of novel coculture techniques, as well as hormone responsive MEC lines, will significantly broaden the utility of ECM culture for the investigation of mammary tumorigenesis.
Despite the extensive advances in the study of mammary biology facilitated by the development of 3D models, experiments in animal models remain as the gold standard. In order to exploit the more tractable nature of in vitro experimentation within the in vivo environment, many investigators have utilized mammary gland reconstitution techniques. While transplantation of normal and transformed murine MECs has long been used to reconstitute the mammary epithelium, only recently has a strategy been developed that facilitates exploration of heterotypic interactions between cells of human origin. This novel technique involves the coinjection of a 'humanized' stromal component with human MECs, thus facilitating ductal outgrowth and morphogenesis in the recipient fat pad (84) . Subsequent manipulation of the transplanted stromal cells revealed disparities in the behavior of ostensibly normal epithelial cells derived from different patients, reiterating the importance of evaluating the contributions of the stromal compartment to mammary morphogenesis and transformation. Such techniques can now be used in concert with studies in 3D coculture systems designed to identify putative oncogenic changes and their relevant target cell type. Collectively, these techniques will provide a powerful new spectrum of capabilities to the breast cancer research community.
SUMMARY
Recently, an increasing number of investigators have employed 3D cell culture techniques in an attempt to reconstruct discrete events associated with tumor initiation and progression, such as aberrant survival or compromised cell-cell adhesion. The introduction of individual genes associated with breast cancer into well-characterized MEC lines and the subsequent study of those cells in basement membrane culture has revealed dramatic distinctions in the phenotypic changes each ectopically expressed oncogene is able to promote. These include alterations in cell proliferation, survival, polarity, size, and adhesion, each observed in the context of multicellular mammary epithelial spheroids.
As evident from the results described above, the evolution of 3D culture models has galvanized the study of epithelial transformation. While we have been unable to comprehensively detail all such studies in this review, intriguing results have also been obtained from the 3D analysis of many additional factors implicated in mammary tumorigenesis, including but not limited to ephrins, NF-κB, and JAK/STATs. However, the studies we selected begin to reveal the broad array of phenotypes elicited by transformation of mammary epithelial cells and demonstrate how 3D culture can be effectively utilized to dissect the cell biological and biochemical changes involved. These novel techniques have enabled the characterization of phenotypes not amenable to study in monolayer culture, whose complexities are not revealed by conventional techniques such as growth in soft agar. By allowing investigators to merge traditional biochemical approaches, such as pharmacological inhibition of specific signaling molecules, with confocal immunofluorescence analysis of organized, gland-like structures, 3D models have facilitated a careful analysis of oncogene-induced alterations in greater mechanistic detail. Such studies have yielded significant insights into the mechanisms involved in the development and progression of breast cancer. 
